The Genus *Campylobacter*
=========================

It is believed that the first report concerning *Campylobacter* was back in 1886 by Theodore Escherich who observed and described non-culturable spiral-shaped bacteria (Vandamme, [@B172]; King and Adams, [@B102]; Vandamme et al., [@B173]). After this, *Campylobacter* was identified for the first time in 1906 when two British veterinarians reported the presence of "large numbers of a peculiar organism" in the uterine mucus of a pregnant sheep (Skirrow, [@B156]; Zilbauer et al., [@B183]). In 1913, McFadyean and Stockman isolated these microorganisms from aborted bovine fetuses. Later in 1927, Smith and Orcutt named a group of bacteria, isolated from the feces of cattle with diarrhea, as *Vibrio jejuni*. Seventeen years later, in 1944, Doyle isolated a different vibrio from feces of pigs with diarrhea and classified them as *Vibrio coli* (Vandamme, [@B172]; Vandamme et al., [@B173]). Due to their low DNA base composition, their non-fermentative metabolism and their microaerophilic growth requirements, the genus *Campylobacter* was first proposed in 1963 by Sebald and Véron, distinguishing them from the "true" *Vibrio* spp. (On, [@B132]). After that, the study of Butzler et al. ([@B28]) raised the interest in *Campylobacter* by noting their high incidence in human diarrhea (On, [@B132]). Since its inception, the taxonomic structure of the genus *Campylobacter* has experienced extensive changes and even some parts of the current genus taxonomy remain a matter of controversy and require further investigation (On, [@B132]; Debruyne et al., [@B48]). According to these latter authors, Debruyne et al. ([@B48]), there are 14 validly described *Campylobacter* species. More recently, Fernández et al. ([@B68]) stated that the genus comprises 20 species and subspecies. However, other authors have stated that there are 16 species with a further six subspecies within the genus *Campylobacter* (On, [@B132]; Foster et al., [@B70]).

Campylobacters have been known to be the cause of diseases in animals since 1909, but they have been generally recognized as a cause of human disease, only since about 1980.

The family Campylobacteraceae consists of two genera, *Campylobacter* and *Arcobacter* and occur primarily as commensals in humans and domestic animals (Vandamme, [@B172]). The genus *Campylobacter* contains small (0.2--0.8 μm × 0.5--5 μm) Gram-negative, slender spirally curved rods. When two or more bacterial cells are grouped together, they form an "S" or a "V" shape of gull-wing. The majority of the species have a corkscrew-like motion by means of a single polar unsheathed flagellum at one or both ends of the cell. The only exceptions are *Campylobacter gracilis* which is non-motile and *Campylobacter showae* which has multiple flagella (see Debruyne et al., [@B48] for a comprehensive description of the taxonomy of Campylobacteraceae). Oxidase activity is present in all species except for *C. gracilis*. They neither ferment nor oxidize carbohydrates; instead they obtain energy from amino acids, or tricarboxylic acid cycle intermediates (Vandamme, [@B172]). *Campylobacter jejuni* hydrolyzes hippurate, indoxyl acetate and reduces nitrate. Most strains are resistant to cephalothin, and also resistance to fluoroquinolones, a category of antibiotics normally used to treat animal and human illness, has been reported (Koenraad et al., [@B103]).

Under unfavorable growth conditions, these microorganisms have the ability to form viable but non-culturable cells (VBNC; Portner et al., [@B139]). Cappelier ([@B30]), observed under laboratory conditions, that *Campylobacter* strains, isolated from the soil around the broiler house, may have been transformed into viable but non-cultivable forms and might have become cultivable after passing through the intestinal tract of chickens. Many questions have been raised on whether non-culturability equates to non-viability (McKay, [@B118]), whether it is possible to convert the VBNC form to a culturable form (Jones et al., [@B97]; Beumer et al., [@B22]; Stern et al., [@B159]), and whether, indeed, a VBNC form of *Campylobacter* actually exists (ACMSF, [@B4]).

Growth and Survival Characteristics
===================================

Thermophilic *Campylobacter* species are able to grow between 37 and 42°C, but incapable of growth below 30°C (absence of cold shock protein genes which play a role in low-temperature adaptation), with an optimum temperature of 41.5°C. Levin ([@B109]) suggested that these organisms should be referred to as "thermotolerant" since they do not exhibit true thermophily (growth at 55°C or above). However, a study by De Cesare et al. ([@B46]) revealed that *C. jejuni* survived for more than 4 h at 27°C and 60--62% relative humidity on some common clean or soiled food contact surfaces. These characteristics, reduce the ability of campylobacters to multiply (i) outside of an animal host and (ii) in food during their processing and storage (Park, [@B134]). Growth does not occur in environments with water activity (*a*~w~) lower than 0.987 (sensitive to concentrations of sodium chloride (NaCl) greater than 2%w/v), while optimal growth occurs at *a*~w~ = 0.997 (approximately 0.5% w/v NaCl).

*Campylobacter* spp. are easily inactivated by heat treatments with their *D*-value being less than 1 min (Table [1](#T1){ref-type="table"}).

###### 

**Reported *D*-values for *Campylobacter jejuni* and *C. coli* under different conditions**.

  Temperature (°C)   Media                                                                   *D*-value (min)   Reference
  ------------------ ----------------------------------------------------------------------- ----------------- ---------------------------------
  51                 1% peptone[\*](#tfn1){ref-type="table-fn"}                              4.90              Blankenship and Craven ([@B24])
  51                 Autoclaved ground chicken breast meat[\*](#tfn1){ref-type="table-fn"}   8.77              
  53                 1% peptone[\*](#tfn1){ref-type="table-fn"}                              1.71              
  53                 Autoclaved ground chicken breast meat[\*](#tfn1){ref-type="table-fn"}   4.85              
  57                 1% peptone[\*](#tfn1){ref-type="table-fn"}                              0.25              
  57                 Autoclaved ground chicken breast meat[\*](#tfn1){ref-type="table-fn"}   0.79              
  49.9               Phosphate-buffered saline[\*\*](#tfn2){ref-type="table-fn"}             6.35              Moore and Madden ([@B124])
  55.4               Phosphate-buffered saline[\*\*](#tfn2){ref-type="table-fn"}             1.48              
  55                 Heart infusion broth[\*](#tfn1){ref-type="table-fn"}                    5.3 ± 0.4         Nguyen et al. ([@B129])
  55                 Heart infusion broth[\*\*](#tfn2){ref-type="table-fn"}                  6.6 ± 0.5         

\**Campylobacter jejuni*

\*\**Campylobacter coli*

Freezing--thawing also reduces the population of *Campylobacter* spp. (Stern and Kazmi, [@B160]). In pure cultures, *Campylobacter* spp. are normally inactivated by frozen storage at −15°C in as few as 3 days (Stern and Kotula, [@B161]); however, freezing does not eliminate the pathogen from contaminated foods (Lee et al., [@B107]). Hazeleger et al. ([@B85]) revealed that aged *C. jejuni* cells survived the longest at 4°C. *Campylobacter* spp. will not survive below a pH of 4.9 and above pH 9.0 and grow optimally at pH 6.5--7.5. These non-spore-forming and fastidious bacteria are essentially microaerophilic, growing best in an atmosphere with low oxygen tension (5% O~2~, 10% CO~2~, and 85% N~2~; Garénaux et al., [@B74]).

Detection, Isolation and Confirmation
=====================================

The sensitivity of *Campylobacter* spp. to oxygen and oxidizing radicals has led to the development of several selective media containing one or more oxygen scavengers, such as blood, ferrous iron, pyruvate, etc., and selective agents, particularly antibiotics. Most methods involve a pre-enrichment in a liquid medium, before plating on agar. The developments of methods for *Campylobacter* have been well-described by Corry et al. ([@B43]).

In some protocols, in order to ameliorate the inhibitory effects of the selective agents on potentially damaged cells, initial suspension of samples is made into a basal broth without selective agents, with the latter being gradually added after a short period of incubation. In order to permit recovery of damaged cells, the incubation temperature may also be gradually increased from 37°C to the final incubation temperature of 41.5°C. This methodology is the basis for one of the ISO standard methods (ISO, [@B91], [@B92]). However, for chicken samples, such a protocol was not necessary as maximal numbers were obtained by using a selective broth followed by plating on selective agars (Mason et al., [@B114]).

Several of the selective broths, e.g., Bolton broth (BB), *Campylobacter* enrichment broth (CEB), and Preston broth (PB), have been compared for their efficacy (Baylis et al., [@B20]). The incorporation of the enzyme Oxyrase in selective broths is particularly effective in reducing the levels of oxygen and improving the isolation of *Campylobacter* spp. from naturally contaminated samples (Abeyta et al., [@B3]). However, a blood free enrichment broth not requiring the addition of Oxyrase, nor special atmospheres has been tested and found to perform well against other more complex isolation methods (Tran, [@B168]).

Several selective agars have been formulated and tested for their efficacy in isolating campylobacters. For example, Preston, charchoal cefoperazone deoxycholate (CCDA) and Butzler agars have been found to be equally effective. The use of CCDA and incubation at 42°C rather than 37°C is usually the methodology of choice since it allows for the isolation of more *Campylobacter* strains (Zanetti et al., [@B182]).

Corry and Atabay ([@B41]) developed CAT agar from modified CCDA by altering the levels of the antibiotics to permit growth of a wider range of strains of *Campylobacter* spp., notably *Campylobacter upsaliensis*. A later comparison by Federighi et al. ([@B67]), of Karmali, Butzler, and Skirrow isolation agars after enrichment of a large number and wide range of samples in Preston or Park and Sanders broths, showed that Park and Sanders broth followed by isolation on Karmali agar was the more effective combination. The most recent standard method (ISO, [@B92]) for detection and isolation, and a direct plating method for enumeration of campylobacters (ISO, [@B93]), both use mCCDA as the selective agar. Bolton broth is used for the enrichment step and the suspension is incubated at 37°C in a microaerophilic atmosphere for 4--6 h, followed by 41.5°C for 40--48 h and plating on mCCDA and another agar medium of the operator's own choice. However, methods for *Campylobacter* spp. are not commonly used in routine laboratories as the organisms are difficult to cultivate and to keep reference cultures.

Several alternative and rapid methods have been developed for detecting and confirming *Campylobacter* spp. e. g. those that include fluorescence *in situ* hybridization (FISH; Lehtola et al., [@B108]), latex agglutination (commercially available; e.g., Wilma et al., [@B179]; Microscreen^®^ Campylobacter kit), and a physical enrichment method (filtration) that permits the separation of *Campylobacter* from other organisms present in the food matrix (Baggerman and Koster, [@B18]). Perhaps the most effective confirmation methods are those based on the polymerase chain reaction (PCR) reaction, since the phenotypic reactions are often atypical and difficult to read, e.g., the hippurate hydrolysis test for differentiating *Campylobacter coli* from *C. jejuni*. The PCR reaction has been combined with immuno-separation with some success (e.g., Docherty et al., [@B50]; Waller and Ogata, [@B175]) in detecting low numbers of the organism in only about 6 h. However, some components of both food samples and selective broths can be inhibitory to the PCR reaction. More recently real-time PCR methods have been developed that show the potential of detecting as few as 1 cfu in chicken samples, and in less than 2 h (Debretsion et al., [@B47]). Epidemiological studies (e.g., outbreak investigations) have been benefited from the use of molecular typing techniques such as PCR, random amplification of polymorphic DNA (RAPD) and pulsed field gel electrophoresis (PFGE).

Campylobacteriosis in Humans: Occurrence, Severity and Costs
============================================================

Based on the Community Zoonoses Reports of the European Food Safety Authority (EFSA) and the European Centre for Disease Prevention and Control (ECDC) in their Community Zoonoses Reports, in the last 5 years, campylobacteriosis has been the most commonly reported zoonosis in the EU followed by salmonellosis and yersiniosis (EFSA, [@B55], [@B60]). In 2008, campylobacteriosis was the principal cause of zoonotic disease in humans with 190,566 reported confirmed cases (EFSA, [@B60]). In 2007, more than 200,000 confirmed cases of human campylobacteriosis were reported by the 24 member states (MS), with an EU notification rate of 45.2 cases per 100,000 inhabitants. Rates varied depending on the MS. When compared to data for 2006, an increase of 14.2% was observed in the number of reported cases (EFSA, [@B57]). The food vehicle associated with the majority of the reported in 2007 campylobacteriosis infections was contaminated poultry meat. The Foodborne Diseases Active Surveillance Network (FoodNet) of the Centers for Disease Control and Prevention (CDC) in the USA estimates that in 2009, the number of reported infections and incidence per 100,000 population by *Campylobacter* was 6,033 and 13.02, respectively (Anonymous, [@B14]). In fact, more than 10,000 cases of campylobacteriosis are reported each year to the CDC (approximately six cases for each 100,000 persons in the population). However, many more cases remain undiagnosed or unreported (Anonymous, [@B14]). Estimates are that *Campylobacter* causes more than two million illnesses (or 1% of the population), 13,000 hospitalizations, and over 100 deaths each year in the USA (Anonymous, [@B12]).

According to EFSA ([@B58]), clinical cases of campylobacteriosis is under-reported in the EU (27 MS): "there may be not less than 2 million and possibly as high as 20 million cases of clinical campylobacteriosis per year in the EU 27 MS."

In the EU, the reported foodborne outbreaks of campylobacteriosis are limited, constituting 2, 1, and 0.12% of the total reported campylobacteriosis cases in 2004/2005, 2006 and 2007, respectively (EFSA, [@B54], [@B55], [@B57]). In fact, most cases of human campylobacteriosis are sporadic. However, the *Campylobacter* Sentinel Surveillance Scheme Collaborators (2003) suggested that outbreaks of campylobacteriosis may be more common than previously suspected. In fact, the number of *Campylobacter* outbreaks reported in the United Kingdom (UK) in 2009 was similar to the sum of those reported for 2005--2008 (ACMSF, [@B5]). Table [2](#T2){ref-type="table"} reports examples of outbreaks that occurred worldwide in the recent years, mainly resulting from consumption of contaminated drinking water, raw milk, and chicken products. Further information on *Campylobacter* outbreaks in the USA can be found in the internet[^1^](#fn1){ref-type="fn"}[^2^](#fn2){ref-type="fn"} (accessed in October 2010). The outbreak investigations suggested that in over 25% of the cases, chicken was identified as the source of the outbreak; in 33% of the cases, the source was unknown (EFSA, [@B58]). From 2010 until 2015, the UK Government increased the priority of "innovation strategy for *Campylobacter."* In the UK, *Campylobacter* is actually considered the most common cause of food poisoning, responsible for 321,000 estimated cases in England and Wales in 2008, with more than 15,000 hospitalizations and 76 deaths[^3^](#fn3){ref-type="fn"}.

###### 

**Food products implicated in campylobacteriosis outbreaks occurring worldwide**.

  Year   Location                       Total no. of cases   Food implicated                                Reference
  ------ ------------------------------ -------------------- ---------------------------------------------- -----------------------------
  2010   Northumberland, UK             24                   Chicken liver parfait                          Inns et al. ([@B90])
  2009   Crete, Greece                  37                   Tap water                                      Karagiannis et al. ([@B99])
  2008   Washington, USA                5                    Raw milk                                       Anonymous ([@B13])
  2007   British Columbia, Canada       225                  Ingestion of mud during a mountain bike race   Stuart et al. ([@B163])
  2007   Røros, Norway                  105                  Untreated tap water                            Jakopanec et al. ([@B96])
  2005   Madrid, Spain                  81                   Custard                                        Anonymous ([@B11])
  2005   Australian Capital Territory   11                   Several chicken-containing dishes              Black et al. ([@B23])
  2005   Copenhagen, Denmark            79                   Chicken salad                                  Mazick et al. ([@B116])
  1984   California, USA                12                   Raw milk products                              Anonymous ([@B10])

Handling, preparation and consumption of broiler meat may account for 20--30% of human cases of campylobacteriosis, while 50--80% may be attributed to the chicken reservoir as a whole (EFSA, [@B58]). According to EFSA ([@B59]), and with regard to the factors that may contribute to *Campylobacter* spread in live chickens and chicken carcasses, the above along with the fact that the levels of the pathogen found on single carcasses may also vary greatly, indicate that some slaughterhouses are more capable of controlling this organism than others. Other factors that might also influence the risk of contamination with *Campylobacter* include the age of the slaughtered chickens, and the period of the year and the time of the day when carcasses are processed. On the other hand, depopulation of chicken flocks also increases the likelihood of infection since some of the chickens are retained from slaughter to continue growing. In fact, it is believed that during these practices, humans or other vectors may introduce *Campylobacter* and infect the remaining chickens (EFSA, [@B59]).

Recently, EFSA described the factors influencing campylobacteriosis infections, namely the age (higher occurrence rates in children under 5 years old), the season (a higher number of campylobacteriosis cases is reported during the summer months), the strain variation (certain strains are less pathogenic than others), host immunity, travel and the demographic factors (i.e., the social economic status). Foodborne zoonoses are an important cause of morbidity and mortality worldwide; the World Health Organization (WHO) estimates that over two million people die each year from diarrheal diseases mainly caused by the ingestion of contaminated foods (WHO, [@B177]; EFSA, [@B55]).

European Food Safety Authority has emphasized the importance and recommended the establishment of an active surveillance of campylobacteriosis in all MS, including efforts to determine the uncertain and unreported campylobacteriosis cases. In addition, storage and genotyping of human and putative reservoirs of isolates in all MS have also been recommended.

Thereafter, it would be important to identify the *Campylobacter* properties of virulence, survival characteristics and ecology (EFSA, [@B61]).

The high numbers of *Campylobacter* cases are frequently associated with very large on-costs, i.e., medical expenses, lost wages, product recalls, legal costs, and other indirect expenses. Estimates are that each case of campylobacteriosis costs \$920 mainly due to medical and productivity expenses with an annual total cost of almost \$1 billion (CAST, [@B34]). As a result of campylobacteriosis, substantial worldwide losses are accumulated annually (Forsythe, [@B69]). Havelaar et al. ([@B84]), estimated that in the Netherlands (with approximately 80,000 cases of gastroenteritis per year), the costs of illness caused by campylobacteriosis are about 21 million Euros per year.

Pathogenesis of *Campylobacter*
===============================

Virulence factors
-----------------

Specific virulence mechanisms have not yet been clearly elucidated for *Campylobacter* spp. probably due to the lack of pathogenesis similarity between campylobacters and other pathogens (Guerry, [@B79]; Dastia et al., [@B45]). Flagella-mediated motility, bacterial adherence to intestinal mucosa, invasive capability and the ability to produce toxins have been identified as virulence factors (van Vliet and Ketley, [@B171]; Asakura et al., [@B16]; Dastia et al., [@B45]). Despite the limited knowledge of the *modus operandi* of this pathogen, it is known that flagella are required for the colonization of the small intestine; after that it moves to the target organ, which is the colon (van Vliet and Ketley, [@B171]; Poly and Guerry, [@B137]). Invasion, which causes cellular inflammation, is probably resulting from the production of cytotoxins, and is followed by the reduction of the absorptive capacity of the intestine (Van Deun et al., [@B170]). It is thought that the ability of this pathogen to reach the intestinal tract is, in part, due to resistance to gastric acids and also to bile salts (Van Deun et al., [@B170]), even though the disease severity may depend on the virulence of the strain as well as on the host's immune condition (Zilbauer et al., [@B183]).

Flagella
--------

Motility, which increases under highly viscous conditions, is essential for colonization of the small intestine (Jagannathan and Penn, [@B94]; Guerry, [@B79]). Moreover, the role of flagella under different chemotactic conditions is essential for bacterial survival in the various ecological niches encountered in the gastrointestinal tract (Jagannathan and Penn, [@B94]).

The *C. coli* flagellum is composed of two highly homologous flagellins, FlaA which is the major one, and FlaB the minor one (Guerry, [@B79]). These are encoded by two flagellin genes arranged in tandem. The *fla*A gene is regulated by promoter σ^28^ while *fla*B gene is regulated by the dependent promoter σ^54^ (Jagannathan and Penn, [@B94]). The *fla*A gene seems to be essential for the invasion of epithelial cells, since it has been reported that a mutation in this gene leads to a truncated flagellar filament composed of *fla*B with a severe reduction in its motility (Guerry, [@B79]). However, a mutation in *fla*B appears to have no significance compared with a structurally normal flagellum (Guerry, [@B79]). The *flaA* gene is responsible for the expression of adherence, colonization of the gastrointestinal tract and invasion of the host cells (Jain et al., [@B95]), consequently arresting the immune response. In fact, it is believed that flagella possess another characteristic which is the ability to secrete non-flagellar proteins that may be associated with the virulence phenomenon itself (Poly and Guerry, [@B137]). *C. jejuni* possesses a polar flagellum that is composed of O-linked glycosylated flagellin; a two-component system comprised of the sensor FlgS and the response regulator FlgR is central for the regulation of the *Campylobacter* flagellum (Dastia et al., [@B45]).

Cytolethal distending toxin
---------------------------

Cytolethal distending toxin (CDT) is widely distributed among Gram-negative bacteria (Ceelen et al., [@B35]; Ge et al., [@B76]) and is the best characterized of the toxins produced by *Campylobacter* spp. It has been described as an important virulence factor of this pathogen (Asakura et al., [@B15]). CDT holotoxin, composed of three subunits encoded by the *cdt*A*, cdt*B *and cdt*C genes, causes eukaryotic cells to arrest in the G2/M phase of the cell cycle, preventing them from entering mitosis and consequently leading to cell death (Yamasaki et al., [@B181]; Ge et al., [@B76]; Zilbauer et al., [@B183]). In contrast to CdtB, the roles of CdtA and CdtC are still rather unclear and require further investigation (Ceelen et al., [@B35]), partly because these proteins tend to combine with the bacterial outer membrane which probably causes cross-contamination (Lara-Tejero and Galan, [@B106]). Despite this, CdtA and CdtC are thought to be essential for CdtB delivery into the host cell (Lara-Tejero and Galan, [@B106]), being responsible for binding the CDT holotoxin to the cell membrane (Lara-Tejero and Galan, [@B106]; Ge et al., [@B76]). After that, the CdtB active subunit, which has DNaseI-like activity, induces host DNA damage by breaking its double strand (Ge et al., [@B76]).

In fact, to be functionally active, all three *cdt* gene products must be present (Lara-Tejero and Galan, [@B106]; Asakura et al., [@B15]). *Cdt* genes have already been cloned and/or sequenced for *C. jejuni* (Pickett et al., [@B136]; Bang et al., [@B19]) and more recently for *C. coli* and *Campylobacter fetus* (Asakura et al., [@B16], [@B15]). According to some authors, the *cdt* gene clusters are ubiquitously distributed in *C. jejuni*, *C. coli*, and *C. fetus* in a species-specific manner (Eyigor et al., [@B66]; Bang et al., [@B19]; Asakura et al., [@B16], [@B15]; Samosornsuk et al., [@B148]).

Antimicrobial susceptibility of *Campylobacter*
-----------------------------------------------

Antibiotic resistance in *Campylobacter* is emerging globally and has already been described by several authors and recognized by the WHO, as a problem of public health importance (Greig, [@B78]; Takkinen et al., [@B165]; McDermott et al., [@B117]; Moore et al., [@B122]).

Most patients infected with *Campylobacter* spp. will recover without any specific treatment other than replacing lost fluids and electrolytes. Antibiotics, generally macrolides, tetracycline and (fluoro)quinolones, are reserved for more severe cases. However, the increasing resistance to (fluoro)quinolones, tetracycline and erythromycin of *C. coli* and *C. jejuni* strains, might compromise the efficacy of this treatment (Aarestrup and Engberg, [@B1]; Engberg et al., [@B65]; Gibreel and Taylor, [@B77]; Alfredson and Korolik, [@B8]). Gentamycin is the only alternative to fluoroquinolones and macrolides, for systemic infections caused by *Campylobacter* spp. (Aarestrup and Engberg, [@B1]).

Although comparable standardized procedures for susceptibility testing are available for a wide range of organisms, based on the guidelines defined by the National Committee for Clinical Laboratory Standards (NCCLS), no internationally accepted criteria are available for susceptibility testing of *Campylobacter* spp. Specifically, in the European Community there is still a lack of standardization among the monitoring programs available in each MS (EFSA, [@B56]). As a result, there is a debate in the literature regarding the interpretation of the results of antimicrobial resistance (Ge et al., [@B75]; Moore et al., [@B122]). Nevertheless, those studies comparing the evolution of antibiotic resistance patterns with time, observed rapid developments for both clinical (Endtz, [@B64]; Rautelin et al., [@B142]; Sánchez et al., [@B149]; Lucey et al., [@B113]; Gallay et al., [@B73]; Mazi et al., [@B115]) and food isolates (Endtz, [@B64]; Lucey et al., [@B113]; Gallay et al., [@B73]; Mazi et al., [@B115]) and an increase in multiple resistant strains in food production environments is recognized (Smole Možina et al., [@B158]).

Antibiotics have been indiscriminately used in animal production for decades in order to control, prevent and treat infections, and enhance animal growth (Rožynek et al., [@B144]; EFSA, [@B56]; Igimi et al., [@B89]). There is strong evidence that supports the hypothesis that the unregulated use of antimicrobial agents in food animal production has led to the emergence and spread of antibiotic resistance among *Campylobacter* spp. The approval and use of fluoroquinolones in poultry in Europe and the USA were followed by increases in fluoroquinolone resistance in *Campylobacter* spp. isolated from animals and human patients (Takkinen et al., [@B165]; Smith and Fratamico, [@B157]). A higher prevalence of (multi)resistant strains has been reported for animal and meat isolates than for human isolates (EFSA, [@B57]). In countries were use of antibiotics in broiler production is uncommon, the prevalence of resistant strains is very low (Norström et al., [@B130]). *Campylobacter* strains isolated from broiler chickens raised in conventional farms are significantly more resistant to antibiotics than those isolated from animals grown in organic regimes, since the use of antibiotics in the rearing of organic chickens is prohibited (Luangtongkum et al., [@B112]).

For reasons that remain unclear, *C. coli* strains isolated from poultry and other animals appear to harbor resistance to multiple antibiotics, such as macrolides and fluoroquinolones, more commonly than *C. jejuni* strains (D'lima et al., [@B49]; Kim et al., [@B101]).

Studies by Gallay et al. ([@B73]) and Han et al. ([@B81]) have demonstrated that the regulation policy of limiting the use of antimicrobial drugs in food animals has resulted in a reduction in the resistance to fluoroquinolones. However, other studies have suggested that resistance may persist for long time periods (Nelson et al., [@B126]; Price et al., [@B141]).

Prevalence of *Campylobacter* spp. in Foods and Sources of Infection
====================================================================

*Campylobacter* spp. are commensal organisms routinely found in cattle, sheep, swine, and avian species. The avian species are the most common hosts for *Campylobacter* spp. probably because of their higher body temperature (Skirrow, [@B154]). Although all commercial poultry species can carry *Campylobacter* spp. the risk is greater from chicken because of the large quantities consumed (Humphrey et al., [@B88]).

*Campylobacter* spp. in chickens
--------------------------------

Chicken meat comprises a substantial source of a high quality protein in most countries. Chicken meat is rich in essential amino acids along with vitamins and minerals. Lean chicken contains more protein than the same amount of lean roasted beef and the prices of chicken meat are lower than those of beef or pork. Additionally, chicken by-products are eaten widely due to their low price, special taste, and the short time required for preparation. The consumption of chicken and chicken products, however, has been implicated over the recent years in a large number of outbreaks of acute campylobacteriosis in human populations worldwide, in both industrialized and developing countries, and especially in children, the elderly and immuno-suppressed patients (Tauxe, [@B167]; Skirrow, [@B155]; Corry and Atabay, [@B42]). Most cases are associated with handling raw poultry, eating raw or undercooked poultry meat or cross-contamination of raw to cooked foods (Butzler and Oosterom, [@B27]; Tauxe et al., [@B166]; Corry and Atabay, [@B42]; Nadeau et al., [@B125]). El-Shibiny et al. ([@B63]) suggested that the dominant species change to *C. coli* when the type of production system used is organic and free-range chickens. In a recent surveillance study in England and Wales, *C. jejuni* was reported to be responsible for more than 12 times the number of cases of human campylobacteriosis compared to *C. coli* (Friedman et al., [@B71]). However, *C. coli* is still known to be a significant cause of campylobacteriosis even if the risk factors associated with it may be different.

The intestinal tract of chicken, especially the cecum and colon, can harbor a large number of *Campylobacter* spp.; during processing, the intestinal tract may leak or rupture and the contents are transferred to the skin of the carcass (Berrang et al., [@B21]). *Campylobacter* spp. remain in a liquid film on the skin and become entrapped in its cervices and channels (Chantarapanont et al., [@B36]) which provides a favorable environment for cross-contamination (McMeekin et al., [@B119]). Persistence and survival of *Campylobacter* spp. are fostered by a suitable microenvironment of the skin (Chantarapanont et al., [@B36]) and even under frozen conditions or storage at 4°C, *Campylobacter* spp. are able to persist in the carcass (Simmons and Gibbs, [@B153]). Previous studies reported that growth on skin stored at room temperature in a controlled atmosphere package is possible, increasing the risk for consumers if contaminated chicken is not adequately stored or handled (Lee et al., [@B107]; Scherer et al., [@B151]).

A study was carried out to investigate the effect of environmental temperatures over different seasons on the survival of *C. jejuni* in poultry. Wills and Murray ([@B178]) demonstrated that *Campylobacter* spp. was a present concern in poultry especially during the warmer months (May through October). During these months 87--97% of the samples tested were positive for *C. jejuni*. The lowest number of positive samples were obtained in December (7%) and January (33%). It was also reported that there was substantial variability in the intestinal colonization of *C. jejuni* across different broiler flocks at different ages in the production cycle.

*Campylobacter* spp. in other foods
-----------------------------------

Some published comparative information on the incidence of *Campylobacter* spp. in food animals confirms that these human pathogens are also commonly found in many types of food animals other than chicken, e.g., cattle, pigs, dairy cows, turkeys, duck, or lamb (Humphrey et al., [@B88]). In fact the digestive tract of healthy cattle has been demonstrated to be a significant reservoir for a number of *Campylobacter* species (Atabay and Corry, [@B17]), with prevalence of the enteropathogen in cattle ranging from 0--80%.

The prevalence of *Campylobacter* spp. in sheep, about 20%, is generally lower than in other animals (Zweifel and Stephan, [@B184]). The high prevalence of *Campylobacter* spp. in pigs has been reported in numerous studies and dressed pig carcasses have been shown to be more frequently contaminated than either beef or sheep (Nesbakken et al., [@B127]). This is most likely attributable to the fact that pig carcasses undergo a communal scalding stage early in the slaughter process combined with the fact that the skin remains on the carcass following all of the dressing procedures (Moore et al., [@B123]).

Contaminated shellfish have also been implicated as a vehicle in the dissemination of campylobacteriosis. Harvesting shellfish from *Campylobacter*-contaminated waters would appear to be the most likely cause of infection (Wilson and Moore, [@B180]).

Consumption of untreated water (Schorr et al., [@B152]) or rainwater (Eberhart-Phillips et al., [@B53]) has also been considered as a risk factor for campylobacteriosis. In an ecological study in Sweden, positive associations were found between the incidence of *Campylobacter* spp. and the average volume of water consumed per person. There were similar associations with ruminant density. These observations suggest that drinking water and contamination from livestock might also be important factors in explaining at least a proportion of human sporadic campylobacteriosis cases (Nygard et al., [@B131]).

Raw milk has also been identified as a vehicle of human gastroenteritis caused by *Campylobacter* spp. (Blaser et al., [@B25]; Robinson et al., [@B143]; Porter and Reid, [@B138]; Potter et al., [@B140]). *C. jejuni* may be present in milk due to fecal cross-contamination during milking or as a result of udder infection (Doyle and Roman, [@B51]; Orr et al., [@B133]).

In addition to risks from food, especially poultry, and water consumption, contact with animals, either domestic pets or farm animals, presents another exposure pathway for human infection (Kapperud et al., [@B98]; Saeed et al., [@B145]; Schorr et al., [@B152]; Studahl and Andersson, [@B164]). Contamination of the environment by domestic and wild animal feces constitutes an additional risk for human infection via drinking (Duke et al., [@B52]; Frost et al., [@B72]; Said et al., [@B147]) or recreational water use (Adak et al., [@B6]) for example.

Most infections are believed to result from the ingestion of contaminated food, although the role of other, non-food exposures in the epidemiology of sporadic campylobacteriosis is still unknown (Brown et al., [@B26]). Point source outbreaks are thought to be relatively uncommon compared to those by other major enteric pathogens, although there is increasing evidence for localized transmission (Charlett et al., [@B37]). The primary source of contamination is believed to be animal feces. This is consistent with high carriage rates observed in poultry, pigs, and cattle (Kramer et al., [@B104]).

Colonization of Poultry and Transmission Routes
===============================================

Flock positivity for *Campylobacter* spp. depends on the type of production system used. Positive flocks are generally more frequent among organic and free-range chickens than among intensively reared birds, probably due to increased environmental exposure (Hendrixson and DiRita, [@B86]). Consistent with exposure of the chickens to different environmental sources is the finding that organic and free-range chickens can be colonized with multiple genotypes of *Campylobacter* spp. (Newell and Wagenaar, [@B128]).

Reducing levels of *Campylobacter* spp. contamination associated with raw poultry requires considerable attention with regard to the application of good agricultural practices (GAP), as well as of good manufacturing practices (GMP) in poultry processing plants (Tauxe, [@B167]; Allos, [@B9]).

Before control can be properly applied it is important to identify the sources and routes of infection in housed flocks. Although it is generally agreed that the presence of *Campylobacter* is restricted to the gastrointestinal tract in broilers, there is still some controversy on "How, when, and to what extent *Campylobacter* is transferred between broiler breeder flocks and their progeny" (Cox et al., [@B44]).

Horizontal transmission from the environment is considered to be the most likely source of *Campylobacter* spp. to broilers. It is widely accepted that horizontal transmission within a flock occurs rapidly once individual birds are colonized by *Campylobacter* (Carrillo et al., [@B31]; Horrocks et al., [@B87]). Once established, it is very difficult to eliminate. High flock size, environmental water supplies, litter, insects, wild birds, rodents, fecal contact, personnel and other animals, may increase the risk of colonization and dissemination (Aarts et al., [@B2]; Line et al., [@B111]; Adkin et al., [@B7]; Horrocks et al., [@B87]). Feed has not been implicated in the spread of *Campylobacter* spp. although contaminated feed is a potentially important route of flock infection with *Salmonella* spp. (White et al., [@B176]). The ubiquity of *Campylobacter* spp. in food animals and in the environment, means that raw feed ingredients will often be contaminated with these bacteria by wild bird droppings, for example. However, *Campylobacter* spp. are very sensitive to dry conditions and have been shown to die quickly when present in poultry feed (Cox et al., [@B44]). However, it is important to remember that, as with water, feed can act as a vehicle for horizontal transmission in a broiler house once *Campylobacter* spp. have become established (ACMSF, [@B4]).

There is continuing debate about the relative contribution of vertical transmission of *Campylobacter* spp. from breeding flocks. Clark and Bueschkens ([@B39]) inoculated fertile chicken eggs with *C. jejuni* and found that 11% of the resulting chicks at hatch had the inoculated pathogen in their intestinal tract. Lindblom et al. ([@B110]), demonstrated that chickens raised under laboratory conditions without exposure to any farm environment continued to become colonized by *C. jejuni*. The carrier rate of *C. jejuni* in the cecal content of newly hatched chicks was found to be as high as 35% suggesting that the chicks were colonized before delivery to the farm (Chuma et al., [@B38]). Kazwala et al. ([@B100]) and Van de Giessen et al. ([@B169]) suggested that, because it is possible in a minority of flocks to isolate *Campylobacter* spp. from broiler chicks within 1--2 days after hatching, the bacteria could be acquired vertically. No differences between the types of *Campylobacter* spp. isolated in the hatcheries and the types of *Campylobacter* isolated in the subsequent broiler chickens were found by Pearson et al. ([@B135]), suggesting that the *Campylobacter* spp. contamination may have occurred via vertical transmission (EFSA, [@B54]). Cox et al. ([@B44]) recently demonstrated that *C. jejuni* can disseminate rapidly to the lymphoid organs of day-old broiler chicks following oral or intra-cloacal inoculation and persist in these sites for an extended time period. Moreover, the presence of *Campylobacter* in eggs and hatchery fluff may indicate the possibility of vertical transmission.

However, Callicott et al. ([@B29]) did not find any evidence of vertical transmission of *Campylobacter* to the approximately 60,000 progeny parent breeders that were hatched from eggs coming from *Campylobacter*-positive grandparent flocks. Although this latter possibility was not excluded, it was considered as of little relevance.

Control Strategies
==================

Although *Campylobacter* spp. have been generally regarded as sensitive to the environment exterior to animals, they are in fact more resilient than previously thought (Humphrey et al., [@B88]). Also, it is now recognized that campylobacters can attain the state of VBNC, that can lead to under-estimation or non-detection of the organism by culture-based techniques, yet cells in this state can still infect susceptible hosts (poultry or humans, e.g., Saha and Sanyal, [@B146]). However, campylobacters are sensitive to drying or even low humidities, freezing and freeze--thaw stress, oxygen, etc., so control, in general, should concentrate on these aspects where relevant. Since poultry, especially of chicken as a widely consumed and relatively cheap source of meat, is the main source of human campylobacteriosis, this is the main focus of efforts to reduce human disease.

On-farm
-------

As campylobacters are common in wild and domestic animals, and therefore in the environment, it is important to minimize contamination of chicken rearing houses from such sources. Installing hygienic barriers between the external and internal environments, such as controlling the entry of farm personnel, strict hygienic routines such as washing and sanitizing of hands, changing boots and coveralls before entering, have been shown to be effective, but these barriers have often been found to be breached. Rearing chickens in a free-range system has a much greater risk of infection compared to conventional production and therefore increased difficulties in control (Humphrey et al., [@B88]). Minimizing the amounts of or eliminating animal protein in feed, and sanitizing the water supply, have also been effective procedures. Another factor shown to result in spread of infection, is the practice of only partly emptying a rearing house, leaving some birds to grow further. The remaining birds show an increased level of infection (Hald et al., [@B80]).

The use of antibiotics in food animal rearing, is no longer an acceptable approach since this has given rise to antibiotic-resistant strains, severely limiting the efficacy of antibiotics in treating human disease. However, the use of pre- and pro-biotics, i.e., complex polysaccharides and strains of lactic acid bacteria, has shown some promise (Hariharan et al., [@B82]), and could be examined further. Competitive exclusion (Nurmi principle), generally successful for control of salmonellae, has not always been successful for controlling campylobacters (Mead, [@B120]). Application of bacteriocin-producing bacteria (e.g., *Paenibacillus polymyxa*) or bacteriocins, has shown some promise and deserves further research effort (Stern et al., [@B162]). Similarly, application of bacteriophages lytic for *C. jejuni* to chicks, has resulted in reductions of 0.5--5 log cfu/g of cecal contents during 5 days post-administration (Carrillo et al., [@B32]). Carvalho et al. ([@B33]) achieved a reduction of 2 log cfu/g in feces after administration of a three-phage lytic cocktail to chickens infected with *C. jejuni* and *C coli*, and the effect persisted for the duration of the trials. Although there were phage-resistant strains detected, in one trial (Carrillo et al., [@B32]) these were limited in their infectivity and were a minor component of the campylobacter flora. However, in the trials by Carvalho et al. ([@B33]) the phage-resistant strains remained infective. Developing an effective phage treatment, by careful selection of lytic phages and use of a cocktail to minimize the appearance of phage-resistant strains, seems a viable means of reducing the level of infection in flocks and individual birds, although it is unlikely to eliminate the organisms. However, reduction in numbers of campylobacters on carcasses, can lead to a corresponding reduction in human infections.

In processing plants
--------------------

Segregation of *Campylobacter*-positive flocks from negative flocks at the slaughter house, and slaughtering of the positive flocks, has proved to be an effective method of reducing spread of contamination (Wagenaar et al., [@B174]; Havelaar et al., [@B83]) and certified "*Campylobacter*-free" poultry has been produced by this method in Denmark. The segregation of flocks was achieved by using a rapid testing protocol (a 4-h gel-based PCR technique) to identify positive from negative flocks. Strict cleaning practices after processing positive poultry were essential to the operation and certification (Krause et al., [@B105]). Along the processing line, there is a gradual reduction in the levels of campylobacters on the meat as a result of washing, de-feathering, submersion chilling, etc. If there is spread of fecal material from live birds or carcasses by rupture of the gut during evisceration, then there will be a local spread and subsequent contamination of later carcasses. Although there are no strict Critical Control Points (i.e., points at which *Campylobacter* can be eliminated in poultry slaughterhouses), application of Good Hygienic Practices reduces the levels of contamination considerably (Mead et al., [@B121]; White et al., [@B176]).

In domestic and catering kitchens
---------------------------------

Since *Campylobacter* spp. are heat sensitive, in domestic and catering settings cooking temperatures and times are sufficient to eliminate the organisms, as long as this CCP is not compromised by later cross-contamination, e.g., from working surfaces and utensils not properly cleaned and sanitized. Since campylobacters can readily transfer and appear to attach to surfaces, cross-contamination needs to be avoided, and the current recommendation of transferring poultry from wrapping directly to the oven, rather than washing under running water, is a result of this need. Routinely, hot water is used to wash working surfaces and utensils in order to control the presence of *Campylobacter* spp. in the food processing environment. Cogan et al. ([@B40]), however, reported that washing with hot water and with the addition of hypochlorite enhances significantly the reduction of contaminated sites. Dipping or spraying of carcasses or parts of poultry, with lactic acid, citric acid or hypochlorite, can achieve only maximal reductions of 1.0--1.5 log counts (Ellebroek et al., [@B62]). Freezing chicken carcasses for up to 3 weeks has been credited with reducing campylobacter risks in Norway (Sandberg et al., [@B150]) although the risk was not entirely eliminated. Humphrey et al. ([@B88]) commented that there is an urgent need to inform consumers and cooks on the best ways to handle chicken in domestic and catering environments in order to minimize the spread of campylobacters and foodborne infections among the population, especially of children and immunocompromised individuals.
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